Visually Driven Regulation of Intrinsic Neuronal Excitability Improves Stimulus Detection In Vivo  by Aizenman, Carlos D et al.
Neuron, Vol. 39, 831–842, August 28, 2003, Copyright 2003 by Cell Press
Visually Driven Regulation of Intrinsic Neuronal
Excitability Improves Stimulus Detection In Vivo
1998; Petersen et al., 1997; Sandrock et al., 1997). In
dissociated cortical or hippocampal cultures, reducing
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logical properties of a neuron. When crustacean stoma-
togastric ganglion neurons are either pharmacologically
isolated or acutely isolated in culture, they initially loseSummary
their normal rhythmic firing patterns but then recover
their rhythmicity (Thoby-Brisson and Simmers, 1998;Neurons adapt their electrophysiological properties to
Turrigiano et al., 1994). This compensation is due in partmaintain stable levels of electrical excitability when
to an activity-dependent alteration in the balance offaced with a constantly changing environment. We find
voltage-gated channel densities (Turrigiano et al., 1995).that exposing freely swimming Xenopus tadpoles to
Similarly, dissociated cultured cortical neurons alter4–5 hr of persistent visual stimulation increases the
their firing rates when cultured under conditions whichintrinsic excitability of optic tectal neurons. This in-
increase or decrease their excitability. This change iscrease is correlated with enhanced voltage-gated Na
also brought about by reciprocal changes in voltage-currents. The same visual stimulation protocol also
gated Na and K currents (Desai et al., 1999b).induces a polyamine synthesis-dependent reduction
While the above examples occur over a period of days,in Ca2-permeable AMPAR-mediated synaptic drive,
persistent changes in intrinsic excitability can also occursuggesting that the increased excitability may com-
rapidly. Increases in excitability due to a decrease in Kpensate for this reduction. Accordingly, the change
currents have been reported in Hermissenda type Bin excitability was prevented by blocking polyamine
photoreceptors and in rabbit Purkinje and hippocampalsynthesis during visual stimulation and was rescued
CA1 neurons after associative learning (Alkon, 1984; dewhen Ca2-permeable AMPAR-mediated transmission
Jonge et al., 1990; Schreurs et al., 1997). In addition,was selectively reduced. The changes in excitability
NMDA receptor-dependent changes in neuronal excit-also rendered tectal cells more responsive to synaptic
ability have been observed after strong synaptic stimula-burst stimuli, improving visual stimulus detection. The
tion in deep cerebellar nuclear neurons, cerebellar gran-synaptic and intrinsic adaptations function together
ule cells, and, presynaptically, in cultured hippocampalto keep tectal neurons within a constant operating
neurons (Aizenman and Linden, 2000; Armano et al.,range, while making the intact visual system less re-
2000; Ganguly et al., 2000). Rapid and bidirectionalsponsive to background activity yet more sensitive to
changes in excitability are also believed to underlieburst stimuli.
EPSP spike potentiation (Daoudal et al., 2002; Jester et
al., 1995).Introduction
To test whether adaptation of intrinsic excitability oc-
curs in response to changing levels of sensory inputIn order for neurons to function as part of an active
and to assess the implications for the function of thenetwork, they must maintain a stable electrophysiologi-
intact nervous system, we take advantage of the Xeno-
cal identity when faced with constantly changing devel-
pus laevis tadpole visual system. This system has been
opmental and environmental conditions. Neurons can
used to study the effects of altering the visual environ-
adapt their electrophysiological properties in order to ment on the synaptic and dendritic properties of optic
maintain their level of electrical excitability during devel- tectal neurons. The retinotectal system is highly plastic:
opmental increases in neuronal size and number of syn- 4 hr of enhanced visual stimulation is sufficient to in-
aptic inputs (Davis and Bezprozvanny, 2001; Davis and crease dendritic growth rate (Sin et al., 2002), and the
Goodman, 1998) or in response to learning-induced in- receptive field properties of tectal neurons can be modi-
creases in synaptic strength (LeMasson et al., 1993; fied within minutes by spatiotemporally patterned visual
Turrigiano and Nelson, 2000). Moreover, theoretical stimuli (Engert et al., 2002). In such a dynamic system,
models suggest that neurons can maximize the informa- compensatory mechanisms could be critical to enable
tion content of a stimulus response by adapting their the retinotectal system to adapt to these visual activity-
firing rates to the nature of the stimulus (Stemmler and induced changes. Previously, we have shown that 4–5
Koch, 1999). hr of patterned visual stimulation, in contrast to ambient
This adaptation can occur by a homeostatic regulation light conditions, induces an activity-dependent increase
of synaptic and intrinsic currents. For example, reducing in polyamine synthesis in tectal neurons (Aizenman et
postsynaptic sensitivity at vertebrate and invertebrate al., 2002). Polyamines are small positively charged mole-
neuromuscular junctions results in a presynaptic in- cules which block Ca2-permeable AMPARs intracellu-
crease in neurotransmitter release (Davis and Goodman, larly in a voltage-dependent manner (Pellegrini-Giam-
pietro, 2003; Williams, 1997). Visually driven increases
in polyamine synthesis therefore cause an overall reduc-*Correspondence: cline@cshl.org
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tion in AMPAR-mediated synaptic drive in optic tectal
neurons, and this reduction can be interpreted as an
adaptive change in response to persistent sensory stim-
ulation. Yet it remains unclear how this affects the overall
responsiveness of the retinotectal system and whether
the input-output properties of the system are affected.
Here we show that, in spite of reduced synaptic drive,
the retinotectal system remains active during the period
of visual stimulation, and underlying this is an increase
in intrinsic excitability. We examine the ionic nature of
this change in excitability and the functional implications
for the generation of visual responses in the intact
tadpole.
Results
Visual stimulation was provided to freely swimming Xeno-
pus tadpoles by a custom-built stimulation chamber
consisting of an array of LEDs that were flashed in se-
quence in order to generate a simulated motion stimulus
(Figure 1A; Aizenman et al., 2002). In vivo intracellular
recordings from tectal cells in intact animals demon-
strated that the stimulus array evoked large excitatory
currents and that these were able to drive the cells to
spike (Figure 1B). In the Xenopus optic tectum, as well
as in its mammalian homolog, the superior colliculus,
evoked field potentials have an early peak which is com-
posed of a postsynaptic population spike (Li et al., 2002;
Lo and Mize, 2002). We recorded visually evoked field
potential responses from the tectum (n  4 animals)
while the stimulus array was presented continuously for
4–5 hr (Figure 1C). In all four tadpoles, responses to
visual stimulation were detected at several time points
throughout the experiment. In a separate set of experi-
ments (n  3), a reduced stimulus array (only two bars)
was used to drive tectal neurons and was time locked
with the data acquisition software, allowing us to look
at averaged responses over time. Once again, we were
able to detect visually evoked potentials throughout the
Figure 1. Recordings of Visually Evoked Responses in the Intactentire stimulation period (data not shown). These data
Xenopus Tadpoleindicate that despite the polyamine-dependent de-
(A) Schematic representation of the visual stimulation chamber. Thecrease in excitatory synaptic drive (Aizenman et al.,
chamber consisted of a stimulus array of four rows of three green2002), the retinotectal system in all seven tadpoles
LEDs. The rows were flashed in sequence (1 to 4) at 1 Hz, creatingtested continues to respond to visual stimulation after
a simulated motion stimulus. During the stimulation period, tadpoles
4 hr. The data also indicate that the visual stimulation were placed in the chamber at a distance of 8 cm from the stimulus
and responses remain within physiological boundaries array and were allowed to swim freely.
(B) The visual stimulation chamber induces spiking activity in tectalduring the experiment, showing that this type of stimulus
cells. Intracellular recordings were made from tectal cells (n  9provides the tectal cells with persistent rather than satu-
cells) while the stimulus array was presented to tadpoles. The pat-rating visual activity. How might this developing circuit
tern of each row of the stimulus array is shown for three cycles ofmaintain its responsiveness under such conditions?
the simulated motion stimulus (top). Voltage clamp (middle) and
current clamp recordings (bottom) from the same tectal cell show
Visual Stimulation-Induced Changes that the visual stimulus evokes large excitatory currents that are
able to drive the cell to fire action potentials. This cell respondedin Intrinsic Excitability
most strongly to the transition from row 2, “OFF,” to row 3, “ON.”One hypothesis is that the intrinsic excitability of tectal
(C) The visual stimulation chamber drives tectal activity throughoutneurons may increase as a result of visual stimulation,
the 4–5 hr stimulation period. Visually evoked field potentials were
requiring a smaller synaptic input to effectively drive recorded from the tectum of tadpoles (n  4 animals) while the
the neuron to spike. We tested this idea by performing stimulus array was presented for 4 hr. Example recordings made
current clamp recordings from tectal neurons in an open during the start of the first hour and throughout the 4 hr period from
the same site in the tectum of a tadpole show that visually drivenbrain preparation (see Experimental Procedures; Wu et
activity persists throughout the stimulation period.al., 1996). We compared neurons from control tadpoles
exposed to ambient light with neurons from tadpoles
that had experienced 4–5 hr of enhanced visual stimula-
tion. To test intrinsic excitability, cells were held at 60
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Figure 2. Visual Stimulation Increases Intrin-
sic Excitability
(A) Averaged input-output curves plotting the
number of action potentials evoked by in-
jecting into the cell a square current pulse
of varying amplitudes. Neurons from visually
stimulated animals (open triangles) were sig-
nificantly spikier than unstimulated controls
(filled circles).
(B) Sample traces in response to two different
size current pulses (top, 60 pA; bottom, 20 pA)
from a neuron of a control tadpole exposed to
ambient light conditions and a neuron from
a visually stimulated tadpole.
(C) Averaged values showing that visual stim-
ulation increased the maximum number of
spikes that could be evoked in a given cell
(left) as well as a decrease in the amount of
current required to evoke an action potential
(middle). There was, however, no significant
change in the input resistance of the neurons
(right).
mV and delivered a series of 200 ms depolarizing current dent conductances in tectal neurons by applying a
series of depolarizing steps under different pharmaco-steps of increasing intensity. The number of evoked
spikes was measured at each intensity. Control neurons logical conditions. Using a K-based internal saline (Fig-
ure 3A), tectal neurons display a voltage-gated Na cur-were not very excitable, maximally firing an average of
2.3  0.3 (n  20) action potentials in response to the rent with an average peak amplitude of 164  13 pA
(measured at12 mV, n 35). The extrapolated reversalcurrent steps (Figures 2A and 2B, top traces). Neurons
from visually stimulated animals, in contrast, showed a potential for this current was 77 mV, consistent with
what would be predicted based on the Nernst equationsignificant increase in the number of evoked spikes
across a range of intensities (Figure 2A) as well as in for the Na concentrations used. This current is blocked
by 1 M TTX (data not shown). Occasionally, a shift inthe maximum number of spikes that could be evoked
(average maximum  3.8  0.5 spikes, n  25, p 0.01 the latency of the Na currents was observed across
holding potentials (Figure 3A), suggesting incompleteMann-Whitney [M-W] used throughout unless otherwise
specified; Figures 2B [bottom traces] and 2C). The maxi- voltage control of the inward current. Because of this,
it was impractical to make accurate measurements ofmum number of spikes refers to the maximum number
of spikes that can be evoked in a given cell, regardless Na current activation and inactivation kinetics, and we
therefore limited our analysis of this inward current toof the size of the current injection. This enhancement
persisted for at least 4 hr after visual stimulation. While the peak amplitude. We also observed transient and
noninactivating outward currents (see inset in Figureas little as a 20 pA current pulse could be used to evoke
a spike in some neurons from both groups, control neu- 3A). The amplitude of the transient current was calcu-
lated by subtracting out the sustained component. Therons required on average a 80  12 pA current pulse in
order to reach spike threshold, whereas neurons from average amplitudes of the outward currents measured
at 38 mV were 589  45 pA and 164  50 pA for thevisually stimulated tadpoles required on average 39 
3 pA (Figure 2C, p  0.05). There was no observed sustained and transient components, respectively. Both
outward currents were sensitive to Cs and TEA in thechange in the input resistances of the neurons (control,
1.7  0.3 G; vis. stim., 1.7  0.2 G; Figure 2C, p  internal saline and were completely blocked by using a
Tris-based internal saline (Figure 3B), suggesting that0.14).
Next we tested whether the change in neuronal excit- these are K currents. When the K currents were
blocked with the Tris-based pipette solution, a relativelyability was correlated with an underlying change in in-
trinsic currents. We identified several voltage-depen- small (66  11 pA, n  19), noninactivating inward
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Figure 3. Intrinsic Currents Present in Tectal
Neurons
(A) Sample voltage clamp recordings from a
tectal neuron held at 70 mV in response to
a series of depolarizing steps. Recordings are
leak subtracted in order to show only the ac-
tive currents. Tectal neurons had TTX-sensi-
tive, fast, voltage-gated Na currents as well
as transient and sustained, outward K cur-
rents. Inset is from same set of traces shown
on the left at a different scale, in order to
show the transient K current (arrow). The
current-voltage (I-V) plot (right) shows the dif-
ferent intrinsic currents. The transient com-
ponent was calculated by subtracting the
sustained K current at the end of the voltage
step from the K current at the start of the
voltage step.
(B) Voltage clamp recordings using a Tris-
based internal saline (in order to block all K
currents) reveal a noninactivating, voltage-
gated inward plateau current which is sensi-
tive to Co2 block. The averaged I-V plot
shows the early Na current as well as the
plateau current.
current was unmasked (Figure 3B). This current was not we combined the data across experimental conditions in
order to provide a wider range of Na current amplitudesblocked by TTX but was sensitive to 5 mM external Co2,
suggesting that, at least in part, it is carried by Ca2. and maximum number of evoked spike measurements.
These measures were positively correlated across con-The amplitude of the Na current measured with a Tris-
based internal saline was 135  18 pA, not any larger ditions (Figure 4C; r  0.503, p  0.001 Spearman-R,
n  43). The rising slope of the action potential is athan the Na currents measured with a K-based saline,
suggesting that the presence of voltage-activated out- further indicator of the size of the Na current. Consis-
tent with the previous observation, the initial slope ofward currents should not interfere with the calculation of
the maximal Na current amplitude. However, a positive the action potential, measured immediately after the
inflection point and normalized to spike amplitude, wasshift (9 mV) in the extrapolated reversal potential of
the Na current was seen under these conditions, sug- significantly larger after visual stimulation (normalized
dV/dt: control, 0.79 0.02 ms1; vis. stim. 0.89 0.03gesting that at positive holding potentials we are likely
measuring a combination of different currents, again ms1; p  0.002) and also correlated with the maximum
number of spikes that could be evoked in a given celllimiting our analysis of the Na current to the peak,
which is measured at a negative holding potential. (Figure 4D; r 0.474, p 0.001 Spearman-R). The initial
slope of the action potential was also strongly correlatedWe tested whether there was a significant change
in any of these currents after visual stimulation. Tectal with the amplitude of the inward current (r  0.601,
p  0.0001 Spearman-R), suggesting that, when takenneurons from visually stimulated animals had signifi-
cantly larger Na currents (266  16 pA, n  46) than together, the action potential slope and the maximal
amplitude of the inward current are good indicators ofneurons from control animals (164 13 pA, n  35; p 
0.002; Figure 4A). However, no significant change was the relative strength of the voltage-gated Na current.
Therefore, we provide three measures (initial slope ofobserved in any of the other three currents measured
(Figure 4B; K transient, p  0.49; K sustained, p  the action potential, peak inward current amplitude, and
maximum number of spikes) which suggest an increase0.11; Ca2 plateau, p  0.29). After visual stimulation,
the extrapolated reversal potential of the Na current in Na currents contributes to the increased excitability
of visually stimulated neurons.remained virtually unchanged (80 mV), and Na cur-
rents measured with the Tris-based internal saline also
exhibited a significant increase in amplitude (p  0.05), Homeostatic Adaptation of Voltage-Gated
Na Currentsindicating that the observed change is unlikely to be
due to a slowing of the activation kinetics of early, volt- Firing properties of neurons have been shown to adapt
to changes in the environment in order to maintain aage-gated K currents. Since visual stimulation ap-
peared to cause an increase in voltage-gated Na cur- constant firing rate (Turrigiano, 1999). We have pre-
viously shown that a 4–5 hr period of enhanced visualrents, we tested whether there was a positive correlation
between a cell’s peak Na current amplitude and the stimulation reduces AMPAR-mediated synaptic drive,
due to an increase in polyamine synthesis (Aizenman etmaximum number of spikes that it exhibited. To do this
Regulation of Neuronal Excitability by Vision
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Figure 4. Visual Stimulation Selectively En-
hances Voltage-Gated Na Currents
(A) Averaged I-V plot of Na current compar-
ing control and visually stimulated tectal neu-
rons shows that visual stimulation signifi-
cantly increases peak Na current amplitude.
(B) In contrast, visual stimulation does not
significantly increase K currents nor the in-
ward-plateau current as shown in the aver-
aged I-V plots for these currents.
(C and D) Comparison across neurons be-
tween maximum Na current amplitude (C) or
the action potential rising slope (D) and the
maximum number of spikes that could be
evoked in a given cell shows a positive corre-
lation between these measures. Different
treatments are plotted with different symbols.
The dotted line represents a linear regression
fit for cells across conditions. Statistics in (C)
and (D) are derived using a Spearman-R cor-
relation.
al., 2002). Here we have shown that intrinsic excitability 1.6  0.11 spikes, n  26; 189  25 pA, n  17). This
suggested that while polyamine synthesis is required tois increased over the same period, possibly to offset the
reduction in synaptic drive. It remains unclear, however, increase intrinsic excitability, acute increases in polya-
mine levels are not responsible for inducing this change.whether these are two independent phenomena or
whether they are linked. If the enhanced excitability is To test the hypothesis that polyamine-induced de-
creases in synaptic drive rather than the polyaminesa homeostatic response to reduced synaptic drive,
blocking the increase in polyamine synthesis should themselves are required to induce an increase in excit-
ability (see Figure 5A), we designed a manipulation thatalso prevent changes in excitability. To test this hypoth-
esis, we provided enhanced visual stimulation to tad- would prevent increases in polyamine synthesis but
would approximate the effects of a polyamine-mediatedpoles in the presence of 5 mM DFMO, a specific inhibitor
of ornithine decarboxylase (Tabor and Tabor, 1984). Or- reduction of synaptic drive. Joro Spider Toxin (JSTx, 0.5
M) is a specific blocker of Ca2-permeable AMPARs,nithine decarboxylase is the rate-limiting enzyme in the
polyamine synthesis pathway (Tabor and Tabor, 1984), which are also blocked by intracellular polyamines. We
therefore provided visual stimulation to tadpoles in theand DFMO was shown to prevent polyamine-depen-
dent, visually induced changes in AMPAR-mediated re- presence of DFMO and JSTx, in order to block polya-
mine synthesis yet reduce synaptic drive (see Figure 5A).sponses in tectal neurons (see Figure 5A; Aizenman et
al., 2002). Tectal neurons did not increase the maximum Under these conditions, visual stimulation increased the
maximum number of spikes a tectal neuron could fire,number of action potentials in response to the enhanced
visual stimulation in the presence of DFMO (Figures 5B as well as the amplitude of its voltage-gated Na current
(Figures 5B, 5D, and 5E; 3.11 0.35 spikes, p 0.0005,and 5D and bottom trace in Figure 5C; 1.54  0.13
spikes, n 14) nor did they exhibit larger voltage-gated n  10; 303  24 pA, p  0.0005, n  10). In a separate
set of experiments, treatment with JSTx alone for 4–5Na currents (Figure 5E; 185 15 pA, n 24) in contrast
to neurons from visually stimulated animals without hr (n  11) was not sufficient to induce an increase in
spike number and Na current amplitude in relation toDFMO (Figures 5B, 5D, and 5E and top trace in Figure
5C; 3.76  0.52 spikes, p  0.005, n  25; 266  16 pA, matched controls (n  9; p  0.3). While no changes
in the K current amplitudes were detected, in bothp  0.005, n  46). Interestingly, this treatment seemed
to actually decrease the spikiness of tectal cells, sug- experiments using DFMO, a positive shift in the pre-
dicted ENa was observed. Therefore we cannot rule outgesting that perhaps the cell is reacting to the increased
synaptic drive which is no longer attenuated by PA syn- possible changes in the activation rates of K or Ca2
currents as a consequence of DFMO application. This,thesis. Recording from unstimulated tadpoles with
spermine (a polyamine) in the pipette solution was not however, is unlikely to affect our conclusion, since under
both conditions there is a positive shift in the predictedin itself sufficient to induce an increase in excitability or
in voltage-gated Na currents (Figures 5B, 5D, and 5E; ENa, whereas the direction of the change in Na current
Neuron
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Figure 5. Increases in Excitability Are Depen-
dent on a Polyamine-Mediated Decrease in
Synaptic Transmission
(A) Schematic illustrating hypothesized se-
quence of events leading to increased excit-
ability and possible sites for experimental
intervention. Visual stimulation increases poly-
amine synthesis which then reduces synaptic
drive by blocking Ca2-permeable AMPARs
(Aizenman et al., 2002). This reduction in syn-
aptic drive then results in an increase in intrin-
sic excitability. Blocking polyamine synthesis
with DFMO will not result in decreased synap-
tic drive and should not result in increased
excitability. Specific block of Ca2-permeable
AMPARs by JSTx should then mimic the ef-
fect of elevated polyamine synthesis and by-
pass the effect of DFMO, leading to an in-
crease in excitability.
(B and E) Averaged input-output curves (B)
and Na current I-V plots (E) compared
across different conditions. Incubation with
DFMO (filled circles) blocks visual stimula-
tion-induced increases in intrinsic excitability
(open circles). Incubating with both DFMO
and JSTx during visual stimulation results in
increased excitability and Na current ampli-
tude (bowtie symbols). Intracellular spermine
(a polyamine) alone did not result in increased
excitability or Na current amplitude (tri-
angles).
(C) Sample traces from neurons of visually
stimulated animals with and without DFMO
incubation.
(D) Average maximum number of spikes that
could be evoked across different experimen-
tal manipulations.
amplitude differs. Taken together, these results suggest lation, a smaller EPSP will be able to drive the neuron
to spike threshold, particularly when applied as a burst.that the visually driven, polyamine-induced reduction in
AMPAR-mediated synaptic transmission is responsible This mechanism is similar to that observed during EPSP
spike potentiation (Daoudal et al., 2002; Taube andfor inducing increases in intrinsic neuronal excitability.
These two changes can offset each other in order for Schwartzkroin, 1988). Furthermore, we predict that after
the neuron to maintain a constant level of excitation visual stimulation tectal cells will be relatively unrespon-
over a range of synaptic strengths. sive to background activity but should have an en-
hanced response to temporally coherent (i.e., burst)
stimuli. This combination of properties would serve as aFunctional Implications
type of filtering mechanism. We tested these predictionsWhat are the functional implications of these changes in
using both an isolated whole brain as well as a wholeNa currents and intrinsic excitability for the retinotectal
animal, in vivo, preparation.system? Here we see two biological responses that may
We recorded EPSPs in current clamp configuration incooperate to alter the input-output properties of tectal
response to pairs of stimuli given 60 ms apart. Picrotoxinneurons. One important aspect of polyamine block of
(100 M) was included in the bath solution to blockCa2-permeable AMPARs is that although spontaneous
synaptic inhibition. The stimulus strength was adjustedinputs are tonically reduced, temporally coordinated
so that the second EPSP (i.e., the facilitated EPSP)inputs may be favored. Several studies indicate that
would elicit an action potential in about 50% of the trials,polyamine block of Ca2-permeable AMPARs can be
thus providing a consistent functional output across ex-modulated by activity. Repetitive activation of Ca2-per-
periments and conditions, where the second EPSP justmeable AMPARs has been shown to relieve these recep-
reaches spike threshold. We then calculated the amounttors from a tonic polyamine block (Aizenman et al., 2002;
of paired-pulse facilitation using the trials where theMcBain, 1998; Rozov and Burnashev, 1999; Rozov et
second EPSP did not evoke a spike. We predicted thatal., 1998). This use-dependent relief from block lasts for
after visual stimulation the cell would require a relativelyseveral hundred milliseconds and serves as a type of
smaller first EPSP (i.e., more paired-pulse facilitation) inshort-term postsynaptic plasticity that makes the neu-
order to get an equivalent functional output. When weron more responsive to burst stimuli compared to uncor-
compared recordings from animals treated with 4 hr ofrelated inputs. Based on the use-dependent relief from
enhanced visual stimulation to controls, we observedpolyamine block and the cellular increase in intrinsic
excitability, we predicted that after 4–5 hr of visual stimu- a significant increase in paired-pulse facilitation ratio
Regulation of Neuronal Excitability by Vision
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from its firing rate in response to a visual stimulus (Figure
7E) or by dividing the visually evoked firing rate by the
spontaneous firing rate (Figure 7F). Both measures gave
significantly higher values in cells from visually stimu-
lated animals (p  0.05 and 0.02, respectively). Experi-
ments using a stimulus of lower intensity, on a smaller
set of cells (n  10 control, n  9 visually stimulated),
also revealed more robust responses in tectal cells from
animals exposed to enhanced visual stimulation (p 
0.05). These data indicate that a period of visual stimula-
tion causes cellular changes that can cooperate to in-
crease the signal-to-noise ratio and improve stimulus
detection.Figure 6. Visual Stimulation Increases Paired-Pulse Facilitation and
Excitability
(A) Sample traces of paired EPSPs in which the stimulation intensity Discussion
has been adjusted such that the second EPSP elicits spikes about
50% of the time. The amplitude of the first EPSP is smaller in the Our results show that the retinotectal system remains
visually stimulated animals, suggesting that, while they are tonically
responsive throughout a period of visual stimulation,blocked by polyamines, paired stimuli can readily evoke spikes,
despite a decrease in synaptic drive. Underlying thisconsistent with both use-dependent relief from polyamine block and
adaptation is an increase in intrinsic excitability of thean increase in excitability.
(B) Averages of paired-pulse facilitation from control and visually tectal neurons, which is brought about by changes con-
stimulated tadpoles. sistent with an enhancement of voltage-gated Na cur-
rents. The increase in excitability was prevented by
blocking polyamine synthesis during visual stimulation(Figure 6; 2.03  0.2, n  10 for controls versus 3.64 
but was rescued when Ca2-permeable AMPAR-medi-1, n  8 for visual stimulation, p  0.03) consistent both
ated transmission was blocked with JSTx. This suggestswith an increase in intrinsic excitability as well as use-
that the increased excitability occurs in response to adependent relief of AMPAR-mediated synaptic currents
polyamine-mediated reduction in synaptic drive and isfrom polyamine block.
not directly induced by elevated polyamine levels. AfterGiven that enhanced visual sensory experience leads
animals were exposed to 4–5 hr of enhanced visual stim-to an increased responsiveness to paired stimuli, a fur-
ulation, tectal cells were more responsive to synapticther prediction is that these cellular changes could alter
burst stimuli and showed an enhanced response to avisual response patterns in the intact animal, especially
visual stimulus in the intact animal. These propertiessince visually driven stimuli are known to generate
were directly predicted from the observed cellularbursts of action potentials in the optic nerve (Grusser
changes in excitability and the biophysical propertiesand Grusser-Cornhels, 1976). We explored the input-
of polyamine block of Ca2-permeable AMPARs. Whenoutput properties of the intact visual system by testing
taken together, the synaptic and intrinsic changes func-whether tectal cells of visually stimulated tadpoles
tion in concert to keep neurons within a constant op-showed more robust responses to visual stimuli in an
erating range and to place tectal neurons in a statein vivo recording configuration. We recorded visual re-
where they become less responsive to background ac-sponses from tectal neurons in intact tadpoles evoked
tivity yet more sensitive to burst stimuli. The cellularby a full-field visual stimulus applied via a fiber optic
changes therefore act as a filter which has the conse-cable (see Experimental Procedures). From evoked field
quence of improving stimulus detection in the retinotec-potentials in response to a range of visual stimulus inten-
tal system.sities (Figure 7A), a submaximal stimulus was selected
to test the sensitivity of individual tectal cells. Cell-
attached recordings demonstrated that the spike output Is There a Global Regulatory Signal?
These data suggest that the strength of signalingof tectal cells from visually stimulated animals (n  17)
was different from that of control tadpoles (n  16). As through Ca2-permeable AMPARs regulates intrinsic ex-
citability in optic tectal neurons. They also suggest thatthe representative cells in Figures 7C and 7D show, the
same visual stimulus generated more spikes in tectal tectal neurons must have a way of sensing levels of
synaptic drive and its effectiveness in evoking spikescells from visually stimulated tadpoles than in tectal
cells from control tadpoles. Importantly, this difference and then regulating their intrinsic conductances accord-
ingly. What specific signals could be transmittedin excitability was not reflected in the spontaneous spike
rates of the two conditions (Figure 7B), which actually through Ca2-permeable AMPARs that neurons can use
to trigger these changes in excitability? One obvioustended to be lower in cells from visually stimulated ani-
mals. In this group of cells, the firing rate in response candidate is postsynaptic Ca2 levels. Our data suggest
that Ca2 influx may be a negative regulator of intrinsicto a visual stimulus was significantly increased after 4
hr of visual stimulation (control, 2.17  0.76 spikes, n  excitability, since reducing Ca2-permeable AMPAR
drive causes an increase in Na currents. The fact that16; vis. stim., 3.32 0.7 spikes, n 17; p 0.05). Signal-
to-noise parameters are used to measure sensitivity to we can modulate the induction of visually driven
changes in excitability by specifically blocking Ca2-a particular stimulus and can be calculated in several
ways. The stimulus sensitivity of a tectal cell was calcu- permeable AMPARs with JSTx (Figure 5) without com-
pletely blocking other AMPARs or NMDARs (Aizenmanlated either by subtracting its spontaneous firing rate
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Figure 7. Visual Stimulation Improves Visual
Stimulus Detection in the Intact Animal
(A) Visually evoked field recordings were
made from the tectum while whole-field
flashed stimuli of different intensity were pre-
sented to the contralateral eye. Responses
were recorded to 1 s OFF (dimming) stimuli
presented at a frequency of 0.05 Hz. The am-
plitudes of the field recordings were normal-
ized to the maximum response, and the data
are pooled from four animals. The arrow indi-
cates the “submaximal” stimulus that was
subsequently used to test visual stimulus
sensitivity. The inset shows a representative
field potential (averaged over ten trials) that
was recorded in response to the test
stimulus.
(B) Spontaneous spiking activity of individual
tectal neurons was recorded in the cell-
attached configuration. The median sponta-
neous firing rate was lower in neurons from
visually stimulated animals, although this was
not statistically significant (p  0.18, Mann-
Whitney).
(C–F) Visually stimulated tadpoles show en-
hanced stimulus sensitivity compared to con-
trols. Cells within each condition were ranked
by responsivity, and the cells at the 50th per-
centiles are shown (C and D). Five trials are
shown for the control cell (C) and the visually
stimulated cell (D). The open arrow indicates
the time of the visual stimulus. According to
two measures, cells from visually stimulated
animals show a significant increase in stimu-
lus sensitivity (E and F). Stimulus sensitivity
of a cell was calculated either by subtracting
its spontaneous firing rate from its visually
evoked firing rates (E) or by dividing the visu-
ally evoked firing rate by the spontaneous
firing rate (F). Both measures gave signifi-
cantly higher values (p  0.05, Mann-Whit-
ney) in cells from visually stimulated animals.
et al., 2002) also suggests that Ca2 influx through JSTx- neuron excitability may be regulated by Ca2 influx. One
interesting issue is whether the cell may be sensingsensitive AMPA rather than NMDARs is important and
that depolarization levels alone may not be sufficient to overall Ca2 levels or whether the specific spatiotempo-
ral pattern of Ca2 elevations is important. There is in-mediate these changes. Additional support for this idea
comes from lobster stomatogastric ganglia neurons, creasing evidence that the frequency of Ca2 fluctua-
tions is critical for the activation of different downstreamwhere in order to maintain a rhythmic firing pattern when
isolated in culture, the neurons alter their expression of signaling pathways (De Koninck and Schulman, 1998;
Dolmetsch et al., 1998; Gu and Spitzer, 1995), some ofvoltage-gated conductances. This change can be pre-
vented by imposing patterned neuronal activity and re- which may be involved in regulating intrinsic excitability.
Another possible candidate which may coordinatequires postsynaptic Ca2 influx (LeMasson et al., 1993;
Turrigiano et al., 1994; see Turrigiano, 1999, for review), changes in synaptic and intrinsic conductances is brain-
derived neurotrophic factor (BDNF). BDNF has beenalthough there is now some evidence that part of this
regulation may involve activity-independent mecha- shown to coordinate homeostatic regulation of GABAer-
gic and glutamatergic currents as well as intrinsic prop-nisms (MacLean et al., 2003). Ca2 influx through
NMDARs or voltage-gated Ca2 channels is required to erties in cultured cortical neurons (Desai et al., 1999a;
Rutherford et al., 1997, 1998). The proposed mechanisminduce changes in intrinsic excitability of deep cerebel-
lar neurons or cerebellar granule cells following short is that a reduction in overall excitability decreases levels
of BDNF, which then causes an upregulation of excitabil-periods of strong stimulation (Aizenman and Linden,
2000; Armano et al., 2000). In cultured hippocampal neu- ity. Interestingly, BDNF release from cultured hippocam-
pal axons has been shown to be dependent on patternedrons, Ca2 entry through postsynaptic NMDARs induces
a change in the intrinsic excitability of the presynaptic excitation and on transient increases in cytosolic Ca2
(Balkowiec and Katz, 2002). It will be important to distin-cell, although it remains unclear how the signal may be
transmitted retrogradely (Ganguly et al., 2000). There- guish a requirement for Ca2 from the alternative hypoth-
esis that it is the general inability of synaptic inputs tofore, it is possible that the increases we describe in tectal
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bring the cell to spike after a reduction in synaptic drive If Na channel phosphorylation is involved in our ob-
served effect, one could picture a mechanism by whichwhich provides the signal to increase intrinsic excit-
ability. Ca2-permeable AMPAR activity drives dephosphoryla-
tion of voltage-gated Na channels, while postsynaptic
spiking opposes it, achieving a constant feedback loopPossible Mechanisms
which maintains net excitability at a specific setpoint.The observed increase in excitability is consistent with
Interestingly, in CA1 pyramidal neurons, activation ofan enhancement of voltage-gated Na currents. Achiev-
mGluRs results in a rapid and persistent increase ining proper voltage control of voltage-gated Na currents
intrinsic excitability, which is independent of PKC andis notoriously difficult (Raman and Bean, 1999), as is the
PLC activation, suggesting that additional mechanismscase with our preparation. In tectal neurons, the axon
might be possible (Ireland and Abraham, 2002).emerges from the primary dendrite (Wu et al., 1999), and
therefore, the location of the Na channels is somewhat
distal to our recording pipette. This makes clamping Comparison with Other Types
of Neural HomeostasisNa currents difficult, and techniques such as using
nucleated patches (Martina and Jonas, 1997) or re- How does the adaptation described in this study com-
pare to other types of neural homeostasis? One type ofcording from acutely dissociated neurons (Raman and
Bean 1999) are not useful in this case, since we were homeostatic adaptation that has been described in-
volves scaling of synaptic inputs in response to alter-unable to measure any Na currents in the isolated soma
without the primary dendrite (data not shown). Further- ations in the responsiveness of the postsynaptic neuron.
This has been observed in the invertebrate neuromuscu-more, by measuring mixed inward and outward currents,
the Na current may be contaminated by other currents. lar junction (Davis and Goodman, 1998; Paradis et al.,
2001) as well as in cultured cortical (Turrigiano et al.,Such contamination becomes more evident at positive
membrane potentials where we observe shifts in the 1998) and hippocampal neurons (Burrone et al., 2002).
Interestingly, synaptic scaling has also been observedextrapolated ENa across some experimental conditions.
Because of these technical limitations, we have confined in the developing visual cortex during dark rearing or
after monocular deprivation during the critical periodour analysis to measuring the peak Na current, a pa-
rameter which appears to be relatively independent of (Desai et al., 2002). While our experiments suggest that
it is an initial change in synaptic drive which inducesthe types of clamp error we observe. Since the peak of
the Na current occurs at a negative membrane poten- the upregulation of intrinsic currents, it will be important
to test whether direct alterations of intrinsic excitabilitytial, it is less likely to be contaminated by other currents.
The peak Na current is strongly correlated with the can also cause adaptive changes in synaptic drive in
intact animals. This would be consistent with a feedbackinitial slope of the action potential, and taken together,
both measures reflect the relative strength of Na cur- loop that maintains a set range of excitability.
In other examples where intrinsic currents are upregu-rents in a neuron. Moreover, both of these measures
correlate with the number of spikes that could be evoked lated in response to reduced excitation, such as in cul-
tured stomatogastric ganglion neurons or cortical cul-in that cell, indicating that the change in excitability is
consistent with an increase in Na currents. While we tures (Desai et al., 1999b; Turrigiano et al., 1994), this
adaptation comes about after several days in culture,see no changes in the amplitude of the other currents
measured, our data do not rule out that the activation whereas we see an effect in 4 hr. While it may be that
these different time courses reflect different mecha-kinetics of the other currents do not change.
The specific mechanism by which voltage-gated Na nisms and functional roles for these types of adaptation,
it may be that cells in culture lack many of the neuromod-currents in tectal neurons are modulated remains to be
determined. Visual stimulation may enhance Na cur- ulatory systems which are present in an intact brain.
The amphibian optic tectum receives cholinergic, dopa-rents by increasing the number of channels present.
Evidence from the neuromuscular junction suggests that minergic, and serotonergic innervation (Butt et al., 2001;
Gonzalez et al., 1993; Liu and Debski, 1995), and theseactivity can regulate synthesis of Na channels (Brodie
et al., 1989; Offord and Catterall, 1989), and this is the have been observed to regulate neuronal excitability via
modulation of Na channels in a variety of preparationsmechanism proposed to underlie activity-dependent
regulation of Na currents in cultured cortical neurons (Cantrell and Catterall, 2001; Carr et al., 2002). Therefore,
the presence of these neuromodulators may facilitate(Desai et al., 1999b). However, it is unclear whether syn-
thesis, assembly, and trafficking of new channels could these homeostatic adaptations in intact tissue, allowing
them to be more rapidly induced.occur in the relatively short time scale of our experi-
ments. On the other hand, voltage-gated Na channels Another important difference is that the effects we
observe must occur within a specific developmentalcan be regulated directly by phosphorylation. Phosphor-
ylation by PKA and PKC reduces peak Na currents in window, since as tectal neurons mature, they contain
less Ca2-permeable AMPARs (Aizenman et al., 2002).a variety of CNS neuron types (see Cantrell and Catterall,
2001, for review). Activation of CaMKII has also been What is the developmental significance of these visually
induced changes excitability and synaptic transmis-shown to facilitate backpropagation of Na-dependent
action potentials into hippocampal CA1 neuron den- sion? There is ample evidence that patterned visual
activity is important for the refinement of anatomicaldrites (Tsubokawa et al., 2000) and to modulate firing
rates in vestibular neurons (Smith et al., 2002), although connectivity and receptive field structure during devel-
opment (Akerman et al., 2002; Debski and Cline, 2002;in the latter case the effect seems to happen indirectly
via the modulation of a Ca2-activated K conductance. Engert et al., 2002; Hubel and Wiesel, 1965). These
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Signals were measured with either an Axopatch 2-D or 200B ampli-changes in excitability can facilitate developmental
fier and digitized using a Digidata 1200 or 1322A A-D board. Tracesplasticity by propagating visual information through the
were recorded using P-Clamp8 software and digitized at 10 kHz.circuit in a more robust manner. Having improved stimu-
Data were analyzed using Axograph software (all from Axon Instru-
lus detection during a period of enhanced visual stimula- ments, Union City, CA). I-V plots measured in K-based internal
tion might also increase the range of detectable stimuli, saline are corrected for a predicted 12 mV junction potential. Leak
subtraction was performed using the acquisition software. Mann-therefore maximizing the amount of information that can
Whitney U tests were used for most statistics. All error bars arebe used by the visual system.
SEM.
Conclusion Visual Stimulation
We propose a model where enhanced visual stimulation For the 4–5 hr period of enhanced visual stimulation, we used a
custom-built light chamber which consisted of four rows of threeleads to a decrease in Ca2-permeable AMPAR-medi-
green LED (-max 567 nm, Allied Electronics Inc., Fort Worth, TX).ated synaptic drive due to an increase in polyamine
The rows were flashed in sequence at 1 Hz, creating a simulatedsynthesis. This decrease gradually reduces the ability
motion stimulus. Tadpoles were put in 12-well plates with about 3of synaptic inputs to drive tectal cells to fire action po- ml of rearing solution per well and were allowed to swim freely
tentials. The continued presence of synaptic activity in during the 4–5 hour-long stimulation period. Brains were prepared
the absence of spiking results in a persistent increase for electrophysiology immediately after the visual stimulation and
were kept for recording for a maximum of 4 hr. To block polyaminein voltage-gated Na currents, which then returns the
synthesis during visual stimulation, we added 10 mM di-fluoro-cells to normal spiking levels. The homeostatic adapta-
methyl-ornithine (DFMO) to the rearing solution. DFMO does nottions we describe provide a way by which the retinotec-
have any effect on intrinsic neuronal conductances nor on AMPAR-tal system is able to normalize its activity in an enhanced mediated synaptic transmission (Aizenman et al., 2002).
visual environment and improve its ability to detect rele- To record visually evoked responses (Figure 7), whole-field flashes
vant stimuli while reducing its response to background of light were presented via a fiber optic cable (Fiber Instrument
Sales, New York) attached to a green LED of the same specificationsactivity. Moreover, we show that specific and measur-
as was used in the light chamber (see above). The fiber optic wasable cellular changes translate into altered circuit prop-
positioned directly in front of the contralateral eye in order to stimu-erties with effects observable in the visual responses of
late the entire monocular visual field. Visual stimuli were triggeredintact animals. The mechanisms we describe reflect a by computer, and stimulus intensity was controlled by varying the
general adaptive principle which may be borne out voltage across the LED. At these stages, responses to decreases
throughout the nervous system, where different classes in luminance are greater than responses to increases in luminance.
Therefore, responses were recorded to 1 s OFF (dimming) stimuli,of neurons will utilize the means available to them to
presented at a frequency of 0.05 Hz and over 10 to 30 trials. Visuallyensure electrophysiological stability.
evoked action potentials were counted over the 1 s stimulus period,
and spontaneous spiking activity was recorded over a 2 min period.
Experimental Procedures
Visually evoked field potentials were measured using a 5 ms window
placed at the peak of the response. 	-Bungarotoxin was ordered
Electrophysiology
from Calbiochem; all other chemicals were ordered from Sigma.
For whole-brain recordings, stage 47 to 48 albino Xenopus tadpole
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